Retrogradation behavior of waxy and normal corn starch gels stored at 5 and 21 • C were investigated for 50 days by differential scanning calorimetry. The extend of retrogradation can be expressed as the ratio of retrogradation and gelatinization enthalpy values and these were 70-78% for normal corn starch and 39-68% for amioca stored at two temperatures. Higher retrogradation rates were observed at 5 • C for both waxy and normal corn starch. Kinetic data were evaluated by considering retrogradation as consecutive reactions in series and by Avrami Equation. High R 2 values (0.97-0.98) indicated that both models can be used for prediction. The comparison of rate constants obtained by Avrami Equation indicated that both temperature and amylose content of starch affected the recrystallization rate. By the kinetic model based on consecutive reactions in series, it was proven mathematically that the rate limiting step in recrystallization of starch gels is the nucleation.
INTRODUCTION
Amorphous products like starch gels are not at thermodynamic equilibrium and will approach it in time via starch molecular rearrangement and recrystallization. If these processes take place above glass transition temperature, the ageing occurred is called retrogradation. The term retrogradation, in general, is used to describe changes in starch gels during cooling and subsequent storage. Therefore, the retrogradation has a major influence on the quality of starch-based foods, such as acceptability, texture, and shelf-life. Due to these diverse effects and from the economical point of view, the retrogradation has received considerable interest in recent years. [1] [2] [3] [4] Starch retrogradation, on the other hand, has received special attention from another point of view. That is the effect of retrogradation on increasing the resistance of starch to digestive enzymes and consequently the reduction of the glycemic index (GI) value. [5] [6] [7] Low GI foods have been recommended for the prevention of diseases associated with metabolic disorders. [8, 9] Resistant starch is defined as the group of starches not digested by digestive enzymes and consequently transferred into the colon. Among the various types of resistant starches, retrograded starch is known as RS3, which is thermally stable to enable its use in a wide variety of conventional foods. [10] Retrogradation can be considered as a time and temperature dependent polymer recrystallization process. [1, 11] After the pioneering study of McIver et al., [12] the retrogradation kinetics of starch gels were often analyzed by using the Avrami Equation. [11] [12] [13] [14] [15] [16] [17] [18] [19] The effect of storage temperatures on the rate and extent of retrogradation was discussed by using the values of constants obtained from this equation. [13, 14, 17, 20, 21] However, in these studies, the theoretical background of the Avrami Equation was overlooked. Additionally, negligible research exists in the literature questioning the applicability of the Avrami Equation on the starch retrogradation. [21] Moreover, in the above-mentioned studies, retrogradation experiments were carried out for short-term durations, such as 2-3 weeks. In addition, not much research exists concerning the effect of amylose content of starch on retrogradation. Therefore, the objectives of this study were: (i) to determine the retrogradation behaviors of two corn starches with different amylose contents (waxy and normal corn starches) at two ambient temperatures (5 and 21 • C) for long-term storage (50 days), (ii) to demonstrate and discuss the applicability of Avrami Equation, (iii) to propose a new model equation based on the irreversible reactions in series in order to evaluate the kinetic data, and (iv) to discuss the results from the point of view of classical crystallization theory, temperature, and amylose content.
MATERIALS AND METHODS

Materials
Two kinds of corn starches with different amylose contents were used in this study. Normal corn starch was purchased from Sigma Chemical Co. (St. Louis, MO, USA). Amioca (waxy corn starch) was donated by National Starch & Chemical Limited (Bridgewater, NJ, USA). Amylose contents of starches were approximately 1-2 g/100 g starch for amioca and 21-24 g/100 g starch for normal corn starch, as declared by their producers. Moisture contents of starches were determined using a standard AOAC [22] method and were found to be 11.4 ± 0.1 and 11.2 ± 0.1 (g/100 g starch) for amioca and normal corn, respectively.
Differential Scanning Calorimetry
Differential scanning calorimetry technique was used to follow gelatinization, glass transition, and retrogradation of starch samples. Experiments were carried out using TA Q20 model differential scanning calorimeter (DSC) apparatus (TA Instruments, New Castle, USA) with the cooling system. The calorimeter was calibrated with indium (melting point = 156.6 • C, H = 28.5 J/g). The DSC runs were operated under nitrogen gas atmosphere (30 mL/min) and an empty pan was used as the reference. The scanning rate was 10 • C/min for all experiments.
The samples were prepared as follows: about 3 mg starch was weighed in an aluminum pan and distilled water was subsequently added. Then the content of the pan was controlled periodically by weighing until the desired moisture content was attained. Afterwards, the pan was sealed hermetically and allowed to stabilize at room temperature overnight before heating in the calorimeter. The weight of samples was determined by using an analytical balance (Gec Avery VA/WA, accuracy = ±0.0001 g). The amount of water added to the starch was adjusted accordingly to obtain the water:starch ratio of 3:1 (w/w). This is the adequate amount of water required for complete gelatinization of both amioca and normal corn starch, as determined experimentally. The original moisture content of the starch sample was also taken into account in calculating the water-starch ratio.
During a DSC run, the pans were heated from room temperature (21 ± 3 • C) to 130 • C. The thermogram was evaluated to define the gelatinization properties (onset, peak completion temperatures, and the gelatinization enthalpy). In order to determine the glass transition temperatures of both hydrated and gelatinized starches, the hydrated sample prepared as described above was first cooled down −50 • C, maintained at that temperature for 30 min, and then heated to 90 • C. Then a second run was conducted with the same sample (the one gelatinized during the first run). The sample procedure mentioned above was followed also with this sample. In this way, the glass transition temperatures (T g ) of both hydrated and gelatinized starches were determined by taking the first derivative of the thermogram representing the glass transition.
Retrogradation Experiments
Each sample pan to be used in the retrogradation experiment contained 75% moisture by weight and was prepared according to the procedure mentioned in the previous section. The gelatinization of starch was accomplished (first scan) and controlled (second scan) by DSC. Then the gelatinized sample pans were stored at room temperature (21 ± 3 • C) and in a refrigerator (5 ± 2 • C) for 50 days. At certain time intervals (5, 10, 15, 20, 25, 30, 40 , and 50 days of storage), one sample pan was removed from the batch and rescanned for retrogradation analysis (third scan). For pans stored at 21 • C, the scans were conducted immediately, while for those stored at 5 • C, the scans were conducted after maintaining at room temperature for 30 min. For each storage time and temperature, two independent replicates were used. The endothermic peak obtained in the second scan was analyzed quantitatively. The onset (T o ), peak (T p ), and completion (T c ) temperatures were measured from the thermogram. The enthalpy associated with retrogradation ( H r ) was measured and expressed as J/g dry starch. The data collected by DSC experiments were analyzed by the instrument's software.
Statistical Analysis
Experimental data were subjected to one-way analysis of variance (ANOVA), using SPSS version 11.5 (SPSS Inc., Westchester, NY, USA). Treatment means were tested separately for the least significant difference test. Nonlinear curve fitting was performed by using Origin 7.0 software (OriginLab, Northampton, MA, USA).
RESULTS AND DISCUSSION
Glass Transition Temperatures
As stated before, ageing of starch called retrogradation occurs above T g . In order to observe retrogradation, T g s of hydrated and gelatinized starches were determined experimentally, following the procedure discussed in the Materials and Methods section, and the storage temperatures were selected accordingly. When the sample is cooled, ice formation often causes the solid concentration to increase in unfrozen water. Therefore, the transition preceeding apparent T m (initial point of ice melting) corresponds to the glass transition of solid matrix (T g ) (mixture of solid and unfreezable water) in the frozen sample. This temperature is named as apparent T g . [23, 24] The T g s of hydrated amioca and normal corn Table 1 Apparent glass transition temperatures (T g ) and apparent initial point of ice melting (T m ) for hydrated and gelatinized amioca and normal corn starch.
Sample
starch were determined as −0.8 and −10.1 • C, respectively. T g s were found to be −4.5 and −5.4 • C for their gelatinized counterparts ( Fig. 1 and Table 1 ). It is obvious that T g was higher in gelatinized starches. The difference between T g s of hydrated and gelatinized starches may be attributed to the plasticizing effect of water. It is known that plasticization by water results in a depression of T g in a completely amorphous and partially crystalline polymer. At this point, the water binding in hydrated and gelatinized starches should be taken into account because the water binding in those matrices are different. The hydration of starch granules involves the reversible adsorption of small amounts of water into amorphous regions of starch. But gelatinized starch holds moisture as an integral part of solid structure via hydrogen bonding and, moreover, a greater proportion of amorphous chains in the gelatinized starch interact with water. Therefore, it was concluded that the structural differences outcoming by gelatinization resulted in a decrease in available water content of gelatinized starch, as a result of which its plasticizing effect was decreased and higher temperatures were required for glass transition.
In the literature, glass transition temperature for fully water-plasticized wheat starch gel has been shown to be −5 • C by Slade and Levine. [11] Therefore, the results obtained in this research were in accordance with those noted in the literature (Table 1) . Chung et al. [25] reported that not much data existed for glass transition temperature of hydrated native starches, and their values obtained for hydrated rice starch were in the range of −6.8 and −6 • C for moisture contents of 40 and 60%. A comparison of glass transition temperatures of hydrated amioca and normal corn starch with those in literature showed that the values obtained in this research were lower than those obtained in the literature. This difference may be attributed to the types of starch as well as the plasticizing effect of water, since the samples used in this research contained 75% moisture by weight.
Retrogradation at Different Storage Temperatures
The retrogradation is due to molecular interactions between starch chains via hydrogen bonding. The process has been described as a non-equilibrium polymer recrystallization process in a completely amorphous (in the case of waxy starches) starch-water melts. In normal starches, retrogradation consists of two separable processes involving amylose and amylopectin. These are the fast gelation of amylose solubilized during gelatinization, and slow recrystallization of amylopectin within the gelatinized granules. While the amylose crystallization is dominant at the initial stages of retrogradation, long term changes in starch gels are generally due to amylopectin. [26] On DSC thermograms, retrogradation of starch gels can be followed by the characteristic melting endotherm of recrystallized amylopectin. This endotherm is absent in fresh gels immediately after gelatinization and appears at around 40-70 • C on aging. Figure 2 illustrates the DSC thermograms of starch gels studied at different storage temperatures. A typical endotherm for the melting of retrograded amylopectin was observed for amioca at 40-72 • C and for normal corn starch at 40-71 • C ( Figs. 2a and 2b) . These values are in accordance with the results reported in the literature. [27] [28] [29] The retrogradation enthalpy versus time data at 5 and 21 • C were presented for amioca in Fig. 3a and for normal corn starch in Fig. 3b . The enthalpy versus time curves of amioca and normal corn starch at 5 • C were similar, showing that the retrogradation rate was high at the initial stages of retrogradation, and then the enthalpy values reached to a plateau value as the time elapsed. The retrogradation curve of amioca increased tremendously up to the 10 days, reaching to the enthalpy value of 9.1 ± 0.2 J/g dry starch and after the 15 days of storage, they fluctuated about a mean. The average value representing this second period (15 to 50 days) was found to be 10.7 ± 0.2 J/g dry starch. The retrogradation curve of normal corn starch increased in a similar manner in the first 5 days, reaching up to an enthalpy value of 6.1 ± 0.6 J/g dry starch. Then up to the 20th day, it increased steadily and from that point on, values again fluctuated about a mean. This mean value (20 to 50 days) was found to be 9.8 ± 0.5 J/g dry starch. For storage at 21 • C, a completely different behavior was noted in either amioca and normal corn starch (Figs. 3a and 3b). In amioca gels, for example, no detectable retrogradation occurred during 25 days and an enthalpy value of 6.1 J/g dry starch was observed at the end of the storage. In normal corn starch, retrogradation proceeded slowly, reaching an enthalpy value of 8.7 J/g dry starch on the 50th day. A similar study was carried out by Jane et al. [27] at a temperature of 4 • C, using normal and waxy corn starches. The enthalpy values reported were lower than those obtained in this research. This was attributed to the short-time retrogradation experiments, which were only 7 days. Long-duration retrogradation (30 days) was investigated by Nakazawa et al. [30] using normal potato starch at 5 and 23 • C. The values reported by these authors at the end of 30 days were 10.8 J/g at 5 • C and 9.3 J/g at 23 • C. The results obtained for normal corn starch in this research were in accordance with those noted in the literature. [30] Figures 2a and 2b showed that retrograded starch gels had very different characteristics from their normal counterparts. For example, the retrogradation endotherm was broader than the gelatinization one ( Figs. 2a and 2b) . The gelatinization peak temperature for amioca was determined as 72.1 ± 0.4 • C and for normal corn starch as 69.4 ± 0.2 • C. The gelatinization enthalpies ( H g ) were 15.7 J/g dry starch for amioca and 12.5 J/g dry starch for normal corn starch. The endotherm parameters for retrograded starches were presented in Table 2 and their enthalpy values were given in Figs. 3a and 3b . A comparison of gelatinization and retrogradation enthalpy values indicated that retrogradation enthalpies dropped significantly. When the comparison was based on the average values representing the fluctuation period at 5 • C and enthalpy values at the 50th day at 21 • C. The retrogradation enthalpies for amioca gel stored at different temperatures were determined to be 39-68% smaller than its gelatinization enthalpy. The same values for normal corn starch were 70-78% smaller. The lower extent of decrease (39%) was observed in amioca gels at 21 • C. This was due to fact that in this sample the retrogradation was observed after 25 days of storage. The retrogradation enthalpies are reported to be 60-80% smaller than gelatinization enthalpies. [31] Except amioca gels at 21 • C, our values were in accordance with what has been stated in the literature. The decrease in peak temperature was calculated as the difference between the gelatinization and retrogradation peak temperatures. The decrease in peak temperatures were 11-20 • C for amioca and 10-18 • C for normal corn starch, depending on storage temperature. The reported values are 16-26 • C. [31] Therefore, our values also fell within the ranges stated in the literature. That the retrograded starches showed lower enthalpy and transition temperatures than their normal counterparts is an indication of their weaker crystallinity and difference in their crystalline forms from those present in their normal granules. This was in agreement with the observations of Chang and Liu [32] for rice starch and was also consistent with the results of the X-ray diffraction (XRD) studies. [33] The extent of decrease in enthalpy was higher in normal corn starch gels than in amioca. A greater amount of amylose has Table 2 Effect of storage temperature on retrogradation endotherm parameters.
Sample
Storage temperature ( • C) All values shown are means ± standard deviations. Data with the same letter within a column are not statistically different at a (P < 0.05) level.
The endotherm parameters presented were the average temperatures measured during 50 days storage.
been linked to a greater retrogradation tendency in starches. [34] From this point of view, our results were in good accordance with those stated in the literature.
The thermal characteristics of retrogradation endotherm were also affected by storage temperature ( Table 2 ). The onset (T o ), peak (T p ), and conclusion (T c ) temperatures significantly increased as the storage temperature increased (P < 0.05) ( Table 2 ). The dependency of thermal characteristics on storage temperature raised the questions concerning that different crystal types were being formed in gels stored at different temperatures. But according to X-ray diffraction study of corn starch gels, Jouppila et al. [20] reported that the crystal type produced during recrystallization was independent of storage temperature. They also indicated that the peaks in XRD patterns were broader and flatter at lower storage temperatures, suggesting that smaller and/or less perfect crystalline regions were formed at low temperatures. This fact was also supported by the study carried out by Zeleznak and Hoseney [35] in which the researchers investigated and compared the retrogradation endotherms and XRD patterns of bread stored at different temperatures. According to our experimental results, as the storage temperature decreased, the endotherm shifted towards to lower temperatures, and this fact indicated that smaller and/or less perfect crystals were formed at lower temperatures. On the other hand, no significant difference was noted between the thermal characteristics of retrogradation endotherms of amioca and normal corn gels stored at the same temperature (P < 0.05).
Modeling of Retrogradation
Retrogradation considered as consecutive reactions in series. The model that has received the greatest application to eludiciate the starch retrogradation is the Avrami Equation. As reported in the literature, the Avrami Equation was originally developed to describe the crystallization kinetics of synthetic polymers. [20, 36] But this equation seems to be lacking because it does not include the basic steps of crystallization. According to the classical polymer crystallization theory, crystallization proceeds via a three step mechanism: nucleation → propagation → maturation. Nucleation is the first step of crystallization and requires nucleus formation. The propagation and maturation steps stand for crystal growth. The basic requirement for crystallization is that the nucleus formation must first occur before crystal growth starts. New nuclei may continue to form while the nuclei present are growing.
This mechanism may very likely be considered to irreversible reactions in series. Assuming that the crystallization is considered as consecutive unimolecular type first-order reactions, the following scheme can be written for the recrystallization of starch:
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If the rate equations for three components are written and the differential equation obtained is solved by using the stoichiometric relations between the concentrations of reacting components, the following equation was obtained (the solution of the differential equation was presented by Levenspiel [37] ):
The equation shows the ratio of retrogradation enthalpy ( H r ) to gelatinization enthaply ( H g ). The gelatinization enthaply for each starch at the experimental conditions has a constant value and was determined by DSC in the scope of this research. As stated before, it has the value of 15.7 J/g dry starch for amioca, and for normal corn starch it is equal to 12.5 J/g dry starch. The right side of the equation contains two constants, k 1 and k 2 . These are the first order constants for the first and second reactions and have the units of day −1 . The applicability of Eq. (1) was studied analyzing the experimental data ( H r / H g versus t) by nonlinear regression program (Origin 7.0). Figure 3a indicated that no retrogradation up to the 30th day was observed in amioca samples stored at 21 • C. In this case, in the evaluation of experimental data, this lag time was taken into consideration and the experimental points obtained at t < 25 days were not taken into evaluation. Only H r values at t ≥ 25 days were evaluated by assigning the 25th day as the start of retrogradation (t = 0) and following days accordingly. The same procedure was followed in the modeling of data by the Avrami Equation.
The k 1 and k 2 values thus obtained for each starch at the different temperatures were presented in Table 3 . Rate constants in this table indicated that k 2 >> k 1 , in other words, the overall rate of recrystallization was determined by k 1 or the first step of the twostep reaction. For processes in series, it is the slowest step that has the greatest influence on the overall reaction. Therefore, it was proven mathematically that the formation of nuclei is the process that controls the overall rate of retrogradation.
Avrami Equation
In the literature, starch retrogradation data are generally analyzed by means of the Avrami Equation. [12, 13, 19, 20, 36, [38] [39] [40] [41] [42] The general form of the Avrami Equation is expressed as follows:
where H ∞ is defined as the enthalpy value at equilibrium and H o as the initial value of enthalpy. After gelatinization, a second scan was carried out and no endotherm for retrogradation was observed. So, in this study, H o is taken as zero. Then Eq. (2) was rearranged and Eq. (3) was obtained:
There are two important parameters in Eq. (3): the rate constant (k) and the Avrami exponent (n). The rate constant depends on the crystal nucleation and growth rate. [36] The Avrami exponent depends on two factors: type of nucleation (homogeneous and heterogeneous) and the dimensions in which growth takes place. If the crystal growth is in one dimension: rod-like crystals are formed; two dimensions: disc-like crystals are formed; three dimensions: spherulitic crystals are formed. [12, 36, 43] When the Avrami Equation is applied to the case of starch retrogradation, in some studies Avrami exponent is assumed as 1 (heterogeneous nucleation and one dimensional crystal growth). [12, 13, 36, 40, 41] Then Eq.
(3) becomes:
Referring back to Eq. (1) and if k 2 >> k 1 , then the equation reduces to:
This equation is identical to the Avrami Equation with n = 1. In the analysis of experimental data by the Avrami Equation, the usual practice is to use H ∞ instead of H g . Eq. (4) indicates that H r varies exponentially with time and reaches to a constant value of H ∞ as t → ∞. Theoretically, H ∞ values obtained by modeling should have the value of H g at most, since starch gels approach thermodynamic equilibrium in time via starch recrystallization. Equilibrium implies a situation in which there is no change in the properties of that material with time and the rate of change becomes very slow as the equilibrium is approached. Actually, equilibrium is assumed in scientific studies when changes can no longer be detected by the available methods. At this point, mathematical modeling of experimental data becomes a useful tool to estimate the property as t → ∞.
The applicability of Eq. (4) was studied by a nonlinear regression program and k and H ∞ values obtained were presented in Table 3 . Low R 2 values ranging from 0.88 to 0.98 indicated that Avrami Equation with n = 1 is not a good fit for the mathemathical modeling of experimental data. As a third step in the modeling, the general form of Avrami Equation was used. Three unknown parameters ( H ∞ , k, n) in Eq. (2) were estimated by the nonlinear regression analysis program ( Table 3 ). The fit of the models was assessed by correlation coefficient (R 2 ). Values obtained ranging from 0.97-0.99 showed that the general form of the Avrami Equation gave a reasonable description of starch retrogradation at different temperatures.
Dependency of Crystallization Rate on Temperature
The rate constant (k) decreased as the storage temperature increased (Table 3) . This relationship between rate and temperature can be interpreted in terms of polymer crystallization theory. [35] As stated before, the crystallization process proceeds via a three-step mechanism: nucleation → propagation → maturation. Total rate of crystallization depends on both rates of nucleation and propagation steps. But in this process, the rate-limiting step is nucleation (which is enhanced at lower temperatures) rather than propagation (which is enhanced at higher temperatures). Therefore, in starch gels, higher nucleation and lower propagation rates would be expected at 5 • C, compared to those at 21 • C. This was evidenced by substantially higher H r values at the beginning of storage at 5 • C for both amioca and normal corn starch. But the enthalpy values of normal corn starch gels stored at 5 and 21 • C were found to be converging after 50 days of storage because of higher propagation rate at 21 • C. Also, the lack of retrogradation endotherm in amioca during 25 days of storage at room temperature, in contrast to normal corn starch, should not be overlooked. This could be attributed to the contribution of amylose fraction to the nucleation step in normal corn starch. Temperature affects both the formation of the nuclei and propagation steps. From the well-known thermodynamic relationship,
as G < 0 (recrystallization is a spontaneous process) and S < 0 (the crystalline form has less freedom), then H < 0, where G, H, and S are changes in free energy, enthalpy, and entropy, respectively. Therefore, an increase of temperature does not favor crystallization. In our experiments, retrogradation data for amioca and normal corn starch at 5 and 21 • C showed the similar trend ( Figs. 3a and 3b) . While discussing the temperature dependency of the retrogradation rate, the rate constants obtained by use of the general form of Avrami Equation were taken into consideration. A comparison of rate constants in Table 3 indicated that both temperature and amylose content of starch affected the crystallization rate. But the effect of temperature was more evident. Since the decrease in temperature resulted in a nearly 20-fold increase in rate constants for both starches while the increase in amylose content created an ∼3-fold increase. The temperature dependency of the rate constant can be given by the following exponential function:
where T is the temperature, K and B is a constant with unit of K −1 . The value of B shows the sensitivity of k against the temperature. The greater the value of B, the more sensitivity of k to the temperature. Using k values available at two different temperatures, B values were determined for amioca and normal corn starch. Very close values (B = 0.186 K −1 for amioca and B = 0.191 K −1 for normal corn starch) were obtained. The closeness of B values suggests that the temperature affects the retrogradation ability of amioca or normal corn starch to the same extent. Here, it should be kept in mind that k value for retrogradation of amioca at 21 • C has been calculated after retrogradation has started (t ≥ 25 days).
CONCLUSIONS
The following conclusions were derived from this study: (i) The retrograded starches showed lower enthalpy and transition temperatures than their native counterparts. This can be taken as an indication of their weaker crystallinity and difference in their crystalline forms from those present in their native granules. Also, as the storage temperature is decreased, endotherm shifted to lower temperatures, indicated that smaller and/or less perfect crystals are formed at lower temperatures. (ii) In the modeling of retrogradation data by considering crystallization process as consecutive reactions in series, high k 2 values having the order of magnitude of 10 13 day −1 were obtained. This proves mathematically that the formation of nuclei is the process that controls the overall rate of crystallization. (iii) High R 2 values obtained in modeling of experimental data by considering the process as consecutive reactions in series or by using the general form of the Avrami Equation suggest that these equations can be applicable for modeling the starch retrogradation. (iv) Both temperature and amylose content of starch gels were effective in the rate and extent of retrogradation.
